A theoretical framework for the formulation of a derived variable to be used for the prediction of the net effect of unmeasured charged species present in human extracellular fluid was explored. This new variable was based on contemporary strong ion and classical buffer base theories and tested against the standard base excess using simulation. It proved to be more accurate in predicting the existence of unmeasured charged species in the extracellular fluid when disturbances of either strong ions, weak acids or both were present.
Accurate determination of the acid-base status is an important element in the overall assessment of critically ill or unstable patients. Of particular importance is the assessment of the presence or absence of unmeasured charged species (XA). Currently this is achieved by using one or more of several inter-related systems designed to assess the non-respiratory component of a particular acid-base disturbance. The commonest systems are based around the calculation of either standard base excess (SBE) or delta bicarbonate [1] [2] [3] [4] . Each has its flaws, but in common, each cannot distinguish between an acid-base disturbance due to an alteration in either electrolyte balance or weak acid concentration (particularly albumin) and that due to the presence of XA. Supplementary sub-systems including the calculation of anion gap and/or corrected anion gap have been designed to address this drawback. More recently, calculation of the strong ion gap (SIG) has shown some promise as this variable implicitly compensates for changes in both electrolyte and weak acid effects [5] [6] [7] [8] . Figge et al explored these approaches and presented a model specifically aimed at the evaluation of [XA] in metabolic acidosis, XA being cast as a strong anion and equivalent to the SIG 5 , though in essence, XA may represent any charged species. The means by which XA modulated pH was assumed to agree with general Stewart principles. That is, the pH at equilibrium was determined by solving the relevant equations of mass action under the constraint of macroscopic compartment electroneutrality 9 . Similar assumptions are made in this manuscript.
In common, all of the supplementary calculations suffer from the problem of application limited only to plasma. A variable that directly addresses the presence or absence of unmeasured species in the extracellular fluid (in vivo) would be very useful. Using a combination of Stewart strong ion theory and classical Van Slyke buffer base theory, it is possible to design such a variable and test it using simulation. In the following, 'measured' electrolyte, weak acid and carbon dioxide concentrations were used to derive a value for the pH given [XA]=0.0 mEq/l. This calculated plasma pH was compared to the measured plasma pH and the difference was used in an application of a general multi-compartment acidbase equation to calculate the baseline deviation of the buffer base due to the presence of XA. This differential variable was named after the variable it estimated -the unmeasured ion excess (UIX).
UnmeasUred ion excess
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GLOSSAry
The following subscripts are used throughout:
The following terms are defined:
All other variables are identified either by name or chemical symbol and are reported in either mEq/l or mmol/l. Square brackets denote concentration with ionic species identified by their chemical symbols.
Molecular weight of human serum albumin was taken as 65500 Daltons. Molecular weight of the human haemoglobin tetramer was taken as 64400 Daltons except for the calculations involving SBE, where haemoglobin was assumed to be monomeric (MW 16100 Daltons). Haemoglobin is also assumed to be fully saturated with oxygen. Ambient temperature is assumed to be 37°C.
METHODS

The mathematical model
First, the model utilises the fact that, within the context of strong ion/weak acid theory, both plasma pH and [HCO 3 -] are treated mathematically as dependent variables and thus can be calculated for a discrete set of independent variables. These calculations can be used to determine the values of pH and [HCO 3 -] resulting from disturbances of the main independent variables when [XA]=0.0 mEq/l (pH c and [HCO 3 -] c respectively). Second, because plasma pH is also measured (pH m ), any discrepancy between this and pH c was assumed to be due to the effect of XA.
Finally, by using a general multi-compartment version of the Van Slyke equation, these differences can be used to calculate the change in the buffer base due solely to the presence of XA. The final reported variable is measured in milliequivalents per litre.
The overall model can be broken into several discrete steps. 
(3)
For comparative purposes, the standard base excess was calculated using the most recent formulation of Siggaard-Andersen's Van Slyke equation (equation 7) 4 . This equation and the symbols used within are explained in greater detail in Appendix B (i).
It is noted that the radiometer™ series of acidbase analysers use a polynomial approximating equation rather than the Van Slyke equation to calculate SBE (see Appendix B (ii)) 11 . While the differences in SBE calculated using these two methods is trivial, a recent effort has been made by the International Federation of Clinical Chemistry to unify the algorithms used by various analyser manufacturers thereby reducing the differences in calculation of SBE by an estimated 16% 12, 13 .
From the equations it can be seen that the UIX will have the same sign convention as the SBE, that is, for a worsening non-respiratory acidosis, the UIX will become increasingly negative.
Simulations
In total, five theoretical experiments were conducted. In each experiment XA was added to the calculation of SID a in accordance with equation 
rESULTS
From each of the model iterations, a representative case was selected to highlight the differences between SBE and UIX. These are illustrated in Figures 1 to 4 . As noted above, in order to align the 
curves and match the signs in the relevant figures below, the charge manifest by [XA] is plotted against SBE and UIX. Therefore, moving to the left of the origin along the x-axis denotes an increasing acidaemia. results for Experiment 1 (Figure 1) show that UIX and SBE track XA very closely. Both are slightly curvilinear with SBE overestimating [XA] with increasing acidaemia. In the alkalaemic range, SBE tends to overestimate [XA] whereas UIX underestimates [XA] . At [XA]=0.00 mEq/l, SBE=+0.12 mmol/l and UIX=0.00 mEq/l.
In Experiment 2, progressive hypercarbia caused progressive, but minor, depression of the SBE. The converse occurred with hypocarbia. Similarly, throughout the range of PCO 2 tested (20 to 120 mmHg), the UIX remained tightly associated with [XA]. The result for PCO 2 =120 mmHg is illustrated in Figure 2 . Experiment 3 examined the effects of variable strong ion difference by altering plasma chloride concentration from 95 to 105 mmol/l to 115 mmol/l. In summary, SBE reported an obvious offset related to the degree of hypo/hyperchloraemia while UIX remained closely associated with [XA] at all chloride concentrations. The results for [Cl -]=115 mmol/l are illustrated in Figure 3 .
In Experiment 4, the weak acid effect was varied by altering albumin concentration from 22 to 42 g/l to 62 g/l. As before, the UIX tracked changes in [XA] more faithfully than did the SBE with SBE significantly offset at abnormal concentrations of albumin. Figure 4 illustrates the effect of hypoalbuminaemia. Finally, in Experiment 5 whole blood haemoglobin concentration was varied between 50 and 150 g/l in increments of 50 g/l. Both UIX and SBE tracked the changes in [XA] equally well. The results are not illustrated as they were virtually identical to those illustrated in Figure 1 .
In summary, the major difference is in the degree of bias in the calculation of SBE when a perturbation of strong ion concentration, weak acid concentration or, to a much lesser extent, carbon dioxide tension occurs. As haemoglobin is included in each model, its effect is well compensated.
DISCUSSION
The term 'base excess' was introduced by Siggaard-Andersen and Engel in 1960 and originally defined as "the titratable base present in whole blood on titration to normal pH (7.40) at normal PCO 2 (40 mmHg) and normal temperature (38°C)" 14 .
It was designed to quantify the non-respiratory component of an acid-base disturbance in human whole blood. Criticism regarding its applicability to the in vivo situation prompted Siggaard-Andersen to recalibrate his whole blood model to reflect the extracellular fluid compartment [15] [16] [17] [18] . He did this by assuming a haemoglobin concentration of 50 g/l, thus reducing the apparent buffer capacity of whole blood in vitro in an attempt to model the apparent buffer capacity of the extracellular fluid in vivo. This revised parameter was named the standard base excess and, with some reservations, has been used since 1977 to estimate the non-respiratory component of any acid-base perturbation in terms of the concentration of titratable base 4 . Critically though, the SBE is defined at normal concentrations of noncarbonate buffers and electrolytes 19 . recently, its carbon dioxide invariance has also been questioned 20 .
In 1948, Singer and Hastings published their paper on buffer base theory but it was not until the 1983 publication of Stewart's more inclusive strong ion theory that researchers and clinicians alike began to appreciate the potential for both the plasma electrolytes and plasma weak acids to influence measured pH, calculated [HCO 3 -] and secondarily, SBE 9, 21, 22 . In this context, SBE can be thought of as the alteration in strong ion difference required to normalise the non-respiratory component of the acid-base status at the prevailing weak acid concentrations 19 . Alterations in either strong ion or weak acid concentrations will influence the calculated value of SBE thus disguising the presence of unmeasured charged species. A better parameter was sought and, to a certain extent, the SIG, first suggested by Figge et al in 1992, seemed to offer promise 5,6 . However, SIG is an in vitro, plasma estimate with a wide population confidence interval and while it accounts for the charge alterations in electrolytes and weak acids, no general agreement exists as to its clinical utility. Furthermore, bias has been noted in the mean value of SIG in both the normal population and the critically ill population 23, 24 .
In 1999, Wooten published a formal basis for the calculation of acid-base variables in plasma 25 . He followed it up in 2003 with a similar dissertation for multi-compartment systems 10 . The resulting mathematical formalism placed strong ion theory and its derivatives on 'the same quantitative level as the base excess method' 10 . Furthermore, he demonstrated the additive properties of charged species within one or more compartments and suggested that valid conclusions could be drawn wherever the baseline state was selected. That is, if a reference state is chosen to include quantified but abnormal concentrations of either the strong ions or weak acids, or both, then the resulting change in buffer base from this new reference state will be directly proportional to the presence of unmeasured charged species. With this information, a variable that compensates for changes in the electrolyte and weak acid concentrations can be derived. This variable, the UIX, tracks changes in [XA] very closely, irrespective of alterations in partial pressure of carbon dioxide, concentrations of strong ions and weak acids or any permutation of the three.
In order to quantify the disturbance in the baseline plasma buffer base due to the effects of strong ion/weak acid alterations, the fourth order Stewart polynomial can be solved for pH and [HCO 3 -] assuming [XA]=0.0 mEq/l. Estimates for the simultaneous changes in the erythrocyte can be calculated using published approximations. Using these new offsets, ΔpH and Δ[HCO 3 -], the general variable two compartment equation (Wooten) can be solved for the change in whole blood strong ion difference, ΔSID wb , due solely to the presence of [XA] . Finally, applying Siggaard-Andersen's observation regarding the two to one dilution of the major buffer haemoglobin throughout the extracellular compartment as a close approximation for the total buffer capacity of that compartment, the change in buffer base in vivo can be obtained by recalculating Equation 6 (see methods) using a value of haemoglobin concentration one third of normal 4, 19, 26 . This will result in a close in vivo approximation of the buffer base which will be both sensitive to changes in [XA] but simultaneously compensated for changes in the buffer base not due to [XA] .
Central to this model is the Wooten plasma/ erythrocyte, two compartment equation (Equation 6) 10 . This equation sums the following: first, the pH-dependent plasma and erythrocyte weak acid effects for each species (concentration multiplied by buffer value); second, a number of constants defining either the maximum number of proton acceptor sites (base excess theory) or the minimum possible charge (strong ion theory) for each species; and third, the Donnan adjusted bicarbonate value for whole blood. This results in a formal, general mathematical statement for the whole blood buffer base. As the buffer values for the whole blood weak acids are relatively constant over the physiological pH range, a difference equation referenced to a defined baseline state can be constructed and then used to calculate a value for a general variable (ΔP wb ) that represents either the whole blood base excess or whole blood buffer base excess at any particular delta pH. Depending upon how the delta pH terms are calculated determines whether this term reflects a change from baseline unperturbed state, which is the case for SBE, or whether compensation for the perturbation is accounted, in the case of UIX (see Appendix C for mathematical details).
In this study, the results of the theoretical experiments show that in all cases the UIX compensates well for changes in the buffer base not due to [XA] while tracking changes due to the presence of [XA] over a broad range. In all cases where there is an underlying disturbance of any or all of the PCO 2 , strong ions or weak acids, the UIX outperforms the SBE. For both variables, there was some divergence from the line of identity, particularly at extremes of physiological pH. This discrepancy is likely to be due to the error that occurs when certain variables are assumed to be constant, for example, the buffer values for each of the weak acids. It appeared proportionately greater for the SBE presumably because of the compounded round-off error that occurs with the calculation of β ecf . By separating the variables that constitute β ecf , as in the case when calculating UIX, this error is implicitly minimised.
A drawback of all currently used variables for the assessment of 'whole body' acid-base status is that the variables that constitute those variables are measured only in the plasma compartment. The variables anion gap, corrected anion gap and SIG are simple measures of charge balance and are only defined in the plasma compartment; therefore, they cannot be extrapolated outside that compartment. Multi-compartment models can be formulated and Wooten gives an example for the case where SID wb =P wb (see Appendix C) 10, 27 . By contrast, SBE and UIX are derived variables specifically designed for use in the extracellular fluid. In particular, each uses slightly different red cell Donnan modelling to arrive at whole blood corrections for bicarbonate and pH, but in common, each quantifies the contributions of the pH-dependent molar buffer values of the whole blood weak acids in a consistent fashion to calculate a whole blood variable. Finally, each is adjusted for the 2:1 blood volume to interstitial fluid ratio in order to approximate the extracellular fluid. They are much more than just an accounting of charge balance in a single compartment, though they fall short of the 'whole body' ideal. At present, the intracellular fluid compartment is treated as a 'black box' with assumptions based on changes in the plasma compartment and whole body estimates are rough approximations at best. However, despite all of their theoretical drawbacks, the variables currently in use do behave in expected and predictable ways when subject to perturbation and thus remain useful in the clinical environment, though some are more useful than others.
APPENDICES
Appendices are available on the Anaesthesia and Intensive Care website. rEFErENCES
